will help in understanding the natural history of X-linked ALD.
Introduction
X-linked adrenoleukodystrophy (ALD) is the most common peroxisomal disorder, characterized by demyelination of the central nervous system, adrenal dysfunction, and the accumulation of very long chain fatty acids (VLCFAs). The ALD protein is a member of the ATP-binding cassette protein superfamily, and is located in the peroxisomal membrane (Mosser et al. 1993) . It is considered to function as a transporter of VLCFAs (Shinnoh et al. 1995) . Patients with X-linked ALD usually manifest psychomotor deterioration and visual disturbance during school age, or gait disturbance and dementia in adulthood. Recently, several therapeutic trials, including monounsaturated fatty acid supplementation (Rizzo et al. 1989) , bone marrow transplantation (Aubourg et al. 1990) , and lovastatin (Singh et al. 1998) or 4-phenylbutyrate (Kemp et al. 1998 ) administration, have been investigated. Bone marrow transplantation was effective for children in the early stages of ALD (Shapiro et al. 2000; Suzuki et al. 2000) . Several distinct phenotypes of X-linked ALD have been reported: childhood cerebral form, adrenomyeloneuropathy (AMN), adult cerebral form, and others (Moser et al. 2001) , and the incidence of X-linked ALD is estimated to be between 1 : 20 000 and 1 : 200 000 (Bezman and Moser 1998; van Geel et al. 1994; Heim et al. 1997; Ruiz et al. 1998; Kirk et al. 1998) . However, most of the data were based on patients in the United States and Europe, and there are no epidemiological data on X-linked ALD in Japan.
We performed a nationwide epidemiological survey of X-linked ALD in Japan during the 1990s and compared the results with data from the 1980s. We clarified the incidence of X-linked ALD and its phenotypic distribution in Japan.
Materials and methods
A nationwide survey of X-linked ALD in Japan between 1990 and 1999 was performed. Initially, questionnaires requesting the number of patients with X-linked ALD between 1990 and 1999 were sent to 4802 departments of internal medicine, neurology, pediatrics, and psychiatry in hospitals with more than 200 beds, and to 77 special hospitals, including children's hospitals and national sanatoriums. Questionnaires asking for precise data on each patient were then sent to the 161 departments and hospitals that replied positively.
Results
The recovery rate of the first questionnaire was 53.6%, and 286 ALD patients were reported between 1990 and 1999: 154 patients from internal medicine and neurology, 100 from pediatrics, 21 from psychiatry, and 11 from special hospitals. Of those, 113 received medical care in these hospitals in 1999. The current number of ALD patients in Japan was speculated to be between 155 and 215, taking into account the recovery rate of the first questionnaire.
In the second survey, precise data on 154 patients from 144 families were reported from 109 departments. The diagnostic criterion of ALD was the accumulation of VLCFAs, and cases without VLCFA data were excluded. Because VLCFA analyses were performed in several institutions and commercial laboratories by different methods, mean values or normal ranges were not shown. Gene mutations were clarified in 13% of the patients (data not shown). The number of patients per total millions of population in each district of Japan was as follows: Hokkaido, 4 patients per 5.6 million; Tohoku, 17 per 9.8; Kanto, 31 per 40.4; Chubu, 44 per 21.6; Kinki 19 per 22.7; Chugoku 6 per 7.7; Shikoku 3 per 4.1; Kyushu and Okinawa, 23 per 14.8.
The most prevalent phenotype was the childhood cerebral form, characterized by psychomotor regression between 2 and 10 years (mean age at onset: 7.1 years) ( Table  1) . Although the absolute number of patients with the childhood form increased during the 1990s compared with data from the 1980s, the relative frequency decreased. The combined frequency of the childhood and adolescent form of ALD was about 40% of total patients. AMN, a form with gait disturbance because of spinal cord involvement, was the second most common form. The absolute number and relative frequency of patients with AMN in the 1990s were higher than those in the 1980s. The adult cerebral form, characterized by dementia or psychological problems, was the third most common form and its incidence was higher in the 1990s than in the 1980s. The olivo-ponto-cerebellar form (OPC) (Ohno et al. 1984) , characterized by gait disturbance and ataxia, composed 8.4% of total patients. The number of presymptomatic boys with no clinical manifestations and symptomatic girls was small, and no patient with isolated insufficiency of the adrenal gland (Addison's disease phenotype) was reported. Sixteen of 39 AMN patients (41%) and 6 of 13 OPC patients (46%) developed cerebral involvement. The mean intervals between the onset of the disorder and cerebral involvement in AMN and OPC were 8.2 years and 2.2 years, respectively. The final relative frequency of the adult cerebral form is calculated to be 35.7%, which is higher than the childhood form.
The age at onset in each phenotype is shown in Fig. 1 . The first peak consisted of the childhood form between the ages of 6 and 10 years. The second peak predominantly consisted of AMN and the adult cerebral form between the ages of 26 and 35 years. The average age of patients with AMN was slightly younger than that of patients with the adult form (P Ͻ 0.05). The mean interval between onset and diagnosis in the childhood form was shorter than that in other phenotypes (Table 1) . Patients with AMN, including subjects who later developed cerebral involvement, had a longer survival period than did those with other phenotypes (Table 1) .
The number of newly manifested patients was estimated to be about 20 per year in Japan, calculated from the 10 new patients reported every year and the 54% recovery rate of the second survey. Because the number of male babies declined between the 1950s and 1990s in Japan from 1.0 million to 0.6 million per year, the incidence of X-linked ALD was estimated to be between 1 : 30 000 and 1 : 50 000 boys.
Of 144 families, 69 had a history of inheritance. Fiftyeight female carriers from 36 families were documented. Thirty-nine families had at least two male patients, includ- ing suspected patients: 16 were brothers, 9 were uncles or nephews, and 10 were first cousins. Brothers and first cousins tended to show a similar age at onset, whereas uncles and nephews tended to show a different age at onset (Table  2) . Patient history did not clarify any significant relationship between the phenotypes and previous diseases. Brain disorders were identified in children (injury, 1; bleeding, 1; anoxia, 1) and adults (injury, 1; drowning, 1). Allergic disorders were more common in children (asthma, 7; dermatitis, 5; rhinitis, 1) than in adults (asthma, 1; rhinitis, 1); probably due to a general tendency at a younger age. Other complications in children were mental delay, 2; ventricular septal defect, 2; Down syndrome, 1; neurofibromatosis, 1; and insulin-dependent diabetes mellitus, 1. Other complications in adults were diabetes mellitus, 3; cystic lung disease, 3; color blindness, 1; ulcerative colitis, 1; alcoholism, 1; IgA nephropathy, 1; hypertension, 1; cleft lip, 1; renal anomaly, 1; and hip dislocation, 1.
Discussion
The total number of patients in the 1990s increased to over twice those identified 10 years ago, suggesting that ALD may now be widely recognized by physicians in Japan, although another possibility may be the wide introduction of magnetic resonance imaging examinations and VLCFA analysis during the past 10 years. The distribution of phenotypes in the 1990s was also greatly different from that in the 1980s. The childhood form plus the adolescent form, which composed about two thirds of total patients in the 1980s, decreased to about 40% in the 1990s, similar to data from the United States and Europe (Moser et al. 2001; Bezman and Moser 1998; van Geel et al. 1994; Ruiz et al. 1998 ). On the other hand, adult patients, including those with AMN, the adult cerebral form, and with OPC, increased to about 55% in the 1990s. Although the clinical course of pediatric patients is relatively uniform, the onset in adult patients is more insidious and varied, and it is difficult to diagnose adult patients at an early stage. In this report, we did not investigate the genotype-phenotype relationship, because no precise data on mutations were available. Previous reports could not elucidate the genotype-phenotype relationship (Moser et al. 2001) .
The point of phenotype distribution on which our data and the previous reports differed most is that the adult cerebral form is more common in Japan (21.8%) than in Western countries, where the adult cerebral form makes up only a few percent (Moser et al. 2001; van Geel et al. 1994) , except for 16% in the Spanish population (Ruiz et al. 1998) . Our study also clarified that about half of patients with AMN or OPC developed cerebral involvement. The relative frequency of the adult cerebral form is calculated to be about one third of total patients, which is higher than the childhood form. This study also clarified that OPC is frequent in Japan: most of the previous reports on OPC have been from Japan (Ohno et al. 1984; Moser et al. 2001) .
The Addison's disease phenotype might be very rare or overlooked in Japan, although several patients manifested adrenal insufficiency as the first symptom, followed by neurological manifestations. In previous reports from Western countries, about 15% of total patients had the Addison's disease phenotype (Bezman and Moser 1998) . From 3% to 80% of idiopathic Addison's disease was caused by ALD (Kong and Jeffcoate 1994; Jorge et al. 1994; Ronghe et al. 2002) . More attention should be paid to young patients with adrenal insufficiency. Symptomatic female carriers might be also underestimated in this survey.
The speculated incidence of ALD in Japan in this study, between 1 : 30 000 and 1 : 50 000 boys, is similar to North America and Europe. However, the incidence of ALD in Japan may further increase because (1) the number of patients with ALD greatly increased in the past two decades, (2) there are districts with a low incidence, and (3) the Addison's disease phenotype and symptomatic female carriers have seldom been diagnosed in Japan.
The interval between onset and diagnosis was long in Japan, even in the childhood form, as reported previously (van Geel et al. 1993) . Bone marrow transplantation may be effective if it is carried out when a patient's performance IQ is greater than 80 (Shapiro et al. 2000) . Early diagnosis will benefit patients and families in receiving effective therapies and adequate genetic counseling. It is uncertain why brothers and first cousins tend to show a similar age at onset, whereas uncles and nephews tend to show a different age at onset. Although some biases might be present, such as insufficient data in an old family history, these data should be considered when taking a family history and during genetic counseling. It was also unclear whether cystic lung disease, which was a complication in three adult patients, was coincidental or not; however, it is an interesting finding and should be noted when taking the patient history.
These data will aid in understanding the natural history of X-linked ALD and will also provide information to evaluate future therapeutic trials for this fatal disorder.
